Abstract-Our team has developed a systematic process to rapidly construct Carbon Nanotube (CNT) sensors by combining DEP and micro-robotics technologies. Arrays of CNT sensors were fabricated on MUMPs chips using this systematic process and the CNT sensor characteristics were found to be very consistent with individual CNT sensors fabricated using basic manual DEP manipulation process. We have shown that the average time to fabricate CNT sensor using this process is ~1 sec, which means that potentially 100,000 CNT components could be built in 24 hours .
I. INTRODUCTION
arbon Nanotubes (CNTs) were discovered in the early 1990s and have since then been subjected to intense scientific investigations due to their small dimensions and very interesting physical properties: high structural strength and electrical current density, having piezoresistivity and thermal conductivity potentially an order higher than silicon, and responsive to biological and chemical entities. Due to these physical properties, engineers world-wide are working on building novel electronic components and sensors using CNTs. Moreover, CNTs were also found to be conductive or semi-conductive, and hence, as Moore's Law is rapidly approaching its demise, many major Integrated Circuit (IC) manufacturers are investigating CNTs and other nano-wires as potential candidates to replace existing silicon-based Integrated Circuit elements. However, owing to their minute dimensions and their tendency to cling together in nature, the connection, alignment and isolation process of CNTs have been difficult for engineers and scientists world-wide. To assemble these nano-sized tubes for experimental investigations, the atomic force microscope is typically used to manipulate each of them sequentially. This process is known to be time-consuming and unrealistic when batch production is required. On the other hand, researchers have recently demonstrated different methods in carbon nanotube manipulation such as guided carbon nanotube growth, use of external forces, and chemically guided self-assembly. The guided growth technique organizes carbon nanotube structures by chemical-vapor deposition, but it is currently still ______________________________ Wen J. Li (wen@mae.cuhk.edu.hk) and Ning Xi (xin@egr.msu.edu) are also both affiliated professors at the Shenyang Institute of Automation, Chinese Academy of Sciences, China, where some of the work discussed in this extended summary were performed. Part of this work is also funded by the Shun Hing Institute of Advanced Engineering, The Chinese University of Hong Kong.
very difficult to achieve selective growth in forming single CNT elements for sensing and electronic applications. Chemically guided self-assembly has the potential to rapidly assemble CNTs into arrays of sensors, however, this method also has the problems of substrate-dependency and non-IC compatibility. On the other hand, CNT manipulation based on electric field generated external force, i.e., dielectrophoretic (DEP) force, is becoming more promising, as it can be used to isolate, align and connect metallic or semi-conductive CNTs to create nano-scale circuits or sensors. To enable a fast and repeatable technique for construction of CNT sensors, our team as developed a systematic approach to automate the fabrication process of CNT-based sensors and circuit elements by combining DEP and micro-robotic technologies. Essentially, by combining DEP manipulation, micro-robotic spotting, nano-fluidic transport, and surface modification technologies, we have demonstrated that CNT sensor arrays can be fabricated at a rate of 1 second/sensor. When combined with special micro-fluidic "filtering" chips, this nano-manufacturing process could also eventually selectively deliver metallic or semi-conductive CNTs in building the sensor arrays. Consequently, if combined with standard IC CAD software and advanced micro-robotic path-determining algorithms, a Large-Scale-Integrated (LSI) nano-circuit system or nano-sensor array, i.e., in the order of 100,000 components, could potentially be built in 24 hours. We consider that the method proposed in this presentation will become a major approach to nano-manufacture next generation integrated sensors and circuit systems that are viable for commercialization. The various critical technologies required to realize this rapid nanosystem fabrication approach will be discussed. The key concepts and capabilities of this nano-manufacturing technology are briefly described in Fig 1 to 6 . Details of this process will be presented at the conference. Some examples of CNT devices fabricated with this technology will also be presented: 1) alcohol vapor concentration sensors, 2) free-stream CNT thermal-based flow sensors, 3) MEMS pressure sensor using CNT as sensing elements, and 4) CNTs as flow sensing elements in microchannels and wind-tunnels. These CNT-based sensors were found to require ~1000 times less power to operate than silicon-based sensors in general. Our ongoing work on building a 0.35um CMOS chip with integrated CNT sensing elements will also be discussed. To further learn about the details of our team's development described in this summary, please refer to [1] [2] [3] [4] [5] . C NDI2 Fig. 1 . Basic schematics of using micro-robotics and DEP technologies to rapidly produce CNT sensors. Fig. 2 . Hardware implementation of system components described in Fig.1 . Fig. 3 . An example of sensors-array spotting of CNTs performed by our team. Arrays of CNT sensors were created on MUMPs chips. Fig. 4 . CAD generated design layout of a 10x10 sensor array for the MUMPs process described in Fig. 3 . 
